broadening the scope of electrophilic coupling partners to achieve unique organic transformations that are not obtainable through known approaches.
Arylhydrazine as the alternative or complementary electrophilic partners for the cross-coupling reactions have attracted considerable attention in recent years. 7 These compounds have been successfully utilized as coupling partners in various carbon-carbon and carbon-heteroatom cross-coupling reactions. Interestingly, nitrogen gas and water are the only byproducts of C-N bond cleavage of arylhydrazines thus these compounds can be considered as environmentally friendly arylating agents for oxidative cross-coupling reactions. It should be mentioned that a variety of methods have been developed for the synthesis of these compounds. Some of the most popular methods for their preparation include: (i) the oxidation of anilines to the corresponding diazonium salts, followed by reduction with tin(II) compounds; 9 (ii) aromatic nucleophilic substitution reaction of aryl halides with hydrazine;
10 and (iii) transition metal catalyzed cross-coupling reaction between aryl halides and hydrazine.
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Since a large number of developments in the denitrogenative coupling of aryl hydrazines with various carbon and heteroatom-centered nucleophilic partners have occurred from 2001 to present, a comprehensive review on this explosively growing eld seems to be timely. In continuation of our recent published reviews, 12 herein, we will highlight the most important developments in the arena of C-C and C-X cross-coupling of arylhydrazines by hoping that it will stimulate researchers to further research in this interesting eld.
2 Carbon-carbon cross-couplings
Suzuki coupling
Palladium-catalyzed Suzuki cross-coupling reaction between arylboronic acids and aryl (pseudo)halides is one of the most powerful methods for the formation of bi(het)aryls.
13 High tolerance to functional groups, low toxicity of the arylboronic acids and commercial availability of many organoboron compounds were the advantages, mentioned for this reaction. Arylhydrazines as efficient electrophilic partners for Suzuki coupling reactions have attracted considerable interest in recent years.
In 2014, Xu and Gao along with their co-workers discovered the rst Pd-catalyzed cross-coupling reaction of arylboronic acids 1 with arylhydrazines 2 via C-N bond cleavage to provide the biaryls 3 (Scheme 1).
14 Various transition-metal catalysts, ligands, acids, and solvents were carefully tested in order to optimize the reaction conditions and the combination of Pd(OAc) 2 /PPh 3 /PivOH as a catalytic system in NMP proved most effective. The optimized protocol resulted in functionalized biaryls 3 in moderate to excellent yields and tolerated a broad range of common functional groups such as chloro, uoro, nitro, amino, acid, and ether functionalities. This made possible the further elaboration of the products. It aryltriuoroborates failed to participate in this coupling reaction. In addition the reaction did not give good yields with heteroarylhydrazines. The authors have proposed a mechanistic cycle (Scheme 2) which starts with the formation of palladiaziridine complex A by the reaction between arylhydrazine 2 and Pd(II) 2 L 2 , which undergoes oxidative addition with Pd(0)L 2 to furnish the palladium(II)-centered complex B via C-N bond cleavage. Next, protonolysis of complex B leads to the aryl palladium complex C and the palladiaziridine complex D, which was decomposed into Pd(0)L 2 , N 2 , and H 2 O by air. Subsequently, the reaction of arylpalladium complex C with arylboronic acid 1 affords palladium(II) biaryl intermediate E which undergoes C-C reductive elimination to yield the expected product 3 and Pd(0)L 2 . Finally, reoxidation of Pd(0) by air with the assistance of a ligand and an acid regenerates the Pd(II) catalyst.
In the same year, Liu, Zhou, and Peng independently reported a similar Suzuki coupling of arylhydrazines using PdCl 2 (PPh 3 ) 2 /K 2 CO 3 as the catalyst system and p-toluenesulfonyl chloride (TsCl) as the activation reagent in the most signicant green solvent, water (Scheme 3). 15 5 mol% of Pd catalyst was sufficient to catalyze the Suzuki cross-coupling of several (het)aryl boronic acids 4 with various ortho, meta, and para substituted arylhydrazines 5 to give corresponding biaryls 6 in good to high yields. It is noted that other palladium catalysts such as Pd(OAc) 2 , PdCl 2 , Pd(PPh 3 ) 4 , and PdCl 2 (PhCN) 2 were also found to promote this coupling reaction; however, in lower yields. No reaction occurred in the absence of the catalyst.
Very recently, Wang and co-workers reported an extension of Pd-catalyzed Suzuki coupling of arylhydrazines to the potassium aryltriuoroborate coupling partners. 16 Thus, in the presence of only 1 mol% of water-soluble Pd(NH 3 ) 2 Cl 2 as a catalyst, 2 mol% of CuCl 2 $2H 2 O as a co-catalyst and 1.0 equiv. of K 2 CO 3 as a base in water at room temperature, C-C coupling of (het)aryltriuoroborates 7 with (het)arylhydrazide hydrochlorides 8 furnished functionalized biaryls 9 in good to excellent yields (Scheme 4). The author proposed mechanism for this denitrogenative cross-coupling reaction is given in Scheme 5.
Hiyama coupling
Denitrogenative Hiyama cross-coupling of aryl silanes with arylhydrazines has been scarcely studied; in fact, only one example of such a reaction was reported in the literature. In this report, Zhang and Wang along with their co-workers synthesized a range of biaryls 12 through the reaction between aryl silanes 10 and arylhydrazines 11 employing Pd(PhCN) 2 Cl 2 as a catalyst, tetra-n-butylammonium uoride (TBAF) as a uoride source and camphorsulfonic acid (CSA) as proton source (Scheme 6). 17 The reactions were carried out in THF at 50 C, tolerated a variety of sensitive functional groups (e.g., F, Br, Cl, I, OMe, OH, NH 2 , NO 2 , CN) and generally provided the desired biaryls 12 in good to excellent yields. Heteroaromatic substrates, such as 2-thienylhydrazine, 2-pyridylhydrazine, 5-hydrazinyl-1H-tetrazole, and 3-(triethoxysilyl)pyridine were also well tolerated by the reaction condition employed. It is noted that the author proposed mechanism for this transformation is most similar to the one described in Scheme 2.
Arylation of alkenes
One of the most important C-C coupling reactions is the palladium catalyzed reaction between activated alkenes and unsaturated halides, known as the Heck coupling reaction. 18 In 2011, the group of Loh reported the rst example of palladiumcatalyzed Heck-type cross-coupling of olens with arylhydrazines, in which the C-N bond was selectively cleaved via oxidative addition.
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The combination of Pd(OAc) 2 , Scheme 3 Pd-catalyzed Suzuki cross-coupling of (het)aryl boronic acids 4 with arylhydrazines 5 in water. bathocuproine and HOAc showed a good reactivity towards this reaction. Both electron-donating and electron-withdrawing alkynes 13 and a variety of ortho-, para-, and meta-substituted arylhydrazines 14 were well tolerated and transformed to the corresponding arylalkenes 15 in moderate to almost quantitative yields (Scheme 7). It is worth noting that excellent chemoselectivities were observed when halophenylhydrazines were employed in this coupling reaction, which indicated that the C-N bond was much more facile to be cleaved under these conditions. The proposed mechanism for this Heck-type crosscoupling reaction is a little bit complex involving an initial interaction between the arylhydrazine 14 with palladium In a related investigation, recently, J. Liu and co-workers also showed that arylalkenes 18 were successfully formed from corresponding terminal alkenes 16 and arylhydrazines 17 in a simple process employing Pd(OAc) 2 as a catalyst, Et 3 N as a base, and TsCl as an activation reagent (Scheme 9). 21 It is worth noting that the presence of TsCl is crucial to the success of the reaction, no product was observed in the absence of TsCl. According to the authors proposed mechanism, this transformation proceeds through the formation of a N 0 -tosyl arylhy- 10).
An interesting study about radical mediated arylation of 2-substituted naphthoquinones 19 in the preparation of 3-arylated naphthoquinones 21, using arylhydrazines 20 as the aryl source, and o-iodoxybenzoic acid (IBX) as oxidant, was published by Akamanchi and co-workers (Scheme 11).
22 Solvent has a dramatic role in the reaction and among the common solvents [e.g., MeCN, DMSO, THF, CHCl 3 , and toluene]; acetonitrile was the most effective solvent since it provided a better solubility of IBX. The reaction in DMSO was found to be vigorous and resulted in multiple side products with exothermicity. Under optimized conditions, the reaction tolerated various common functional groups such as uoro, chloro, bromo, amino, and hydroxy functionalities and gave the expected products in good yields. It is noted that unsubstituted 1,4-naphthoquinone provided a mixture of the mono and diarylated products. The author proposed mechanism for the formation of arylated naphthoquinones 21 is shown in Scheme 12.
Sonogashira coupling
The palladium-catalyzed cross-coupling between sp-hybridized carbon atoms of terminal acetylenes and sp 2 -hybridized carbon atoms of aryl (pseudo)halides is an important method 24 With the PdCl 2 /PPh 3 catalytic system, acetic acid and DMF solvent, a range of aromatic terminal alkynes 22 were directly arylated with various electronrich and electron-poor arylhydrazines 23 to give corresponding internal aromatic alkynes 24 in moderate to good yields (Scheme 13). However, aliphatic terminal alkynes did not work well in this reaction. High yielding synthesis of brominesubstituted internal alkynes, which could not be readily obtained in traditional Sonogashira couplings, mild reaction conditions, and scalability were the main advantages mentioned for this synthetic strategy. It should be mentioned that the direct use of commercially available arylhydrazine hydrochlorides as the substrates did not lead to the desired products. Thus, pretreatment of these hydrochloride salts with NaOH is required. According to the author proposed mechanism this reaction proceeds along the similar mechanistic pathway that described in Scheme 8. To the best of our awareness, this is the only example of Sonogashira-type aerobic oxidative coupling of arylhydrazines with terminal alkynes reported so far.
Direct C-H arylation of arenes
One of the rst general reports on the direct C-H arylation of simple arenes with arylhydrazines was published in 2001, by Demir et al. 25 They showed that heating of functionalized arylhydrazines 25 in reuxing benzene in the presence of 3 equiv. of Mn(OAc) 3 $2H 2 O gave the desired biaryls 26 in good to high yields (Scheme 14). It is worthy to note that the electronic character of the substituents in the arylhydrazines had little effect on the facility of the reaction. Generally, both electronrich and electron-poor arylhydrazines were well tolerated. Moreover, the substrate scope was successfully extended to use heteroaryl hydrazines coupling components. Seven years later, the same authors have further improved the efficiency of this protocol by performing the process in the presence of 3 equiv. of KMnO 4 in benzene-AcOH (10 : 1).
26
Shortly aerwards, the group of Heinrich extended the substrate scope of this chemistry to a variety of anilines and obtained a range of 2-aminobiphenyls 29 in modestly to good yields via the treatment of para-substituted anilines 27 with arylhydrazines 28 in the presence of over stoichiometric amounts of MnO 2 as the oxidant in MeCN at room temperature (Scheme 15a). 27 Notably, in the cases of unsubstituted aniline a mixture of 2-aminobiphenyls and 4-aminobiphenyls were formed. Other oxidants were also found to promote the reaction [e.g., Mn(OAc) 3 , KMnO 4 , KO 2 , NaIO 4 , H 2 O 2 ]; however, in lower yields. It is interesting to note that comparative studies showed that anilines were signicantly better aryl radical acceptors than nitrobenzenes or phenyl ethers. The authors also successfully showed the application of this procedure for the high yielding syntheses of Xemium 30; a novel commercially available fungicide (Scheme 15b). Subsequent study by the same group showed that the same set of 2-aminobiphenyls could be prepared in moderate yields by performing the reaction in aqueous sodium hydroxide (1 M) under air atmosphere. 28 In a closely related investigation, Zeng and Zou along with their coworkers also described that air-promoted direct radical arylation of 4-substituted anilines with arylhydrazines in the presence of NaOH as a base in binary solvent MeCN/H 2 O with ratio 3 : 2 produced corresponding 2-aminobiphenyls in moderate to good yields. 29 Shortly aerwards, the same research team slightly improved the efficiency of this reaction in the terms of yield employing CoPc as a catalyst and Et 3 N as the base in MeCN.
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Inspired by these works, Li and Ye presented an elegant Pdcatalyzed regioselective ortho-sp 2 C-H arylation of azoarenes 31
with arylhydrazines 32 using 10 mol% of commercially available Pd(OAc) 2 as the catalyst under ligand-free conditions. 31 The reaction were carried out in MeCN under air atmosphere, tolerated a variety of functional groups, and generally provided the expected coupling products 33 in moderate to good yields (Scheme 16). However, sterically hindered ortho-substituted arylhydrazines failed to enter into the reaction. The results proved that the electronic character of the substituents in azoarenes had a strong effect on the rate of reaction. While electron-donating groups gave the desired products in good yields, the electron-withdrawing groups resulted in a relatively poor to moderate yields. Notably, no para-substituted compound was found by the reaction conditions employed. The author proposed reaction mechanism is outlined in Scheme 17. respectively (Scheme 18). 33 The expected heterobiaryls were obtained in poor to almost moderate yields. It is noted that the reaction required high temperature (reux) and a large excess of heteroarene (200 equiv.), used as both reactant and solvent.
Thirteen years later, Yadav and co-workers developed a simple and efficient base-mediated coupling reaction between functionalized coumarins 36 and arylhydrazines 37 for the regioselective synthesis of a-arylated coumarins 38 (Scheme 19).
34 K 2 CO 3 was more suitable compared to the other base (e.g. Na 2 CO 3 , Ag 2 CO 3 , Cs 2 CO 3 , NaOEt, PIDA, TBHP, K 2 S 2 O 8 ) for this transformation. Solvent has a dramatic role in the reaction and among the common solvents (e.g. MeOH, DMF, DMA, DMSO, NMP); DMSO was the most effective solvent. This basemediated reaction was applicable for both the electron-rich as well as electron-poor arylhydrazines and for various substituted coumarins. However, 6-nitro substituted coumarin failed to enter into this reaction. The authors also found that this reaction condition was very efficient for the preparation of a-arylated 2-pyridones via the reaction of 2-pyridones and arylhydrazines. Subsequently, the group of Yuan-Xiao improved the efficiency of this reaction in the terms of yield and reaction time employing KMnO 4 as oxidant in MeCN.
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Very recently, Paul and Bhattacharya described an efficient transition-metal free direct C-arylation of 3-hydroxychromones with arylhydrazines employing NEt 2 H as a base and air as oxidant. 36 This oxidative C-H arylation reaction afforded the optimum yield in MeCN at room temperature. Various 3-hydroxychromones 39 and arylhydrazines 40 were used to establish the general applicability of the method (Scheme 20). It is noted that C-C cross-coupling of 5-hydroxy pyran-4-ones with arylhydrazines was also examined using this system. complexes [e.g., PdCl 2 , PdCl 2 (PPh 3 ) 2 , Pd(dba) 2 ] or ligands [e.g., 2,2 0 -bipy] resulted in a dramatic decrease of the reaction yield.
In this methodology, a series of oxidants and solvents were used by the authors for a comparative study. In these experiments, the best result was obtained when PhCl solvent and air oxidant was used. This direct denitrogenative C-3-arylation methodology tolerated a wide range of substituents on the 1H-indole partner and was efficient for the use of different arylhydrazines with diverse steric and electronic properties. However, the strongly electron-withdrawing nitro-and cyano-substituted indoles and nitro-substituted arylhydrazines failed to afford the expected products. Moreover, methoxy substituted arylhydrazines did not work well under this reaction conditions. Shortly thereaer, Li, Liu and Kuang developed a methodology for the selective arylation of pyridine with arylhydrazine hydrochlorides 45 without any catalyst, ligand and base. 38 The reaction proceeded under mild conditions (room temperature) in air and afforded a mixture of C2-and C3-arylated pyridines 46 in moderate to good yields (Scheme 22). It is noted that in all cases, the C2-arylated products were obtained in higher amount than the C3-arylated products. The authors claimed that pyridine playing a dual role in this reaction; the solvent and the reactant. To explain the formation of the products, the authors proposed a mechanism in which, aer formation of aryl radical A via the decomposition of arylhydrazine 45 in the presence of pyridine, the reaction of this radical with protonated pyridine B provides the radical cation C that, aer oxidation by air oxygen affords the desired product 2 (Scheme 23). In a related study, Taniguchi and Mizuno along with their co-workers showed that the treatment of amino-substituted pyridine derivatives with arylhydrazines in the presence of K 2 CO 3 (3 equiv.) in DMSO at room temperature produced corresponding arylated pyridines in moderately to high yields. 39 They found that the reaction is also compatible with amino-substituted pyrazines, quinolines, and pyrimidines. Previously, the group of Yadav applied this reaction condition in the regioselective C-3 arylation of quinoline-4-one derivatives with arylhydrazines.
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In 2016, Yuan, Li, and Xiao reported an analogous methodology for the direct C2-selective C-H arylation of quinoline Noxides 47 with arylhydrazines 48 (Scheme 24). 41 In their optimization study, the authors found that the use of 2.0 equiv. of KMnO 4 as an oxidant in MeCN gave the best results. Examination of the scope of the reaction revealed that a range of arylhydrazines bearing both electron-withdrawing and electrondonating groups and a number of functionalized quinoline Noxides afforded the 2-arylquinoline N-oxides 49 in moderate to excellent yields. However, quinoline N-oxides possessing a strong electron-withdrawing -NO 2 group at the C6 position failed to participate in this reaction. Interestingly, aliphatic hydrazines were also well tolerated in the transformation. In 2017, similar chemistry as that described for quinoline N-oxides was used by Lee's research team to prepare 3-arylquinoxalin-2(H)-one derivatives via direct C3-selective C-H arylation of quinoxalin-2(H)-ones with arylhydrazines employing iodosobenzene (PhIO) as oxidant in MeCN.
the presence of NaOH as a base and air oxygen as an environmentally benign oxidant, various arylhydrazines 50 could react with N-methylpyrrole to give the desired C-2 arylated pyrroles 51 in moderate to excellent yields (Scheme 25a). Very recently, using an analogous methodology, Hajra and co-workers reported the synthesis of 3-arylated imidazopyridine derivatives 54 from the reaction between 2-substituted imidazopyridines 52 and arylhydrazines 53 using DBU as a base in MeCN (Scheme 25b). 44 3 Carbon-heteroatom crosscouplings
C-N bond formation
In 2013, the group of Akamanchi reported the rst example of denitrogenative C-N cross-coupling of amines with arylhydrazines. 45 They showed that primary aromatic amines 55 underwent rapid C-N cross-coupling with various arylhydrazines 56 in the presence of IBX/Cu(OAc) 2 combination as a catalytic system in MeCN to provide the corresponding diarylamines 57 in good yields. It is interesting to note that the electronic and steric characters of the substituents in the phenyl ring periphery of both amines and hydrazines had remarkably little effect on the facility of reaction. Various substrates were examined involving electron-donating and withdrawing groups in the para, ortho, and meta positions according to Scheme 26.
The authors proposed that the reaction proceeds via a similar mechanistic pathway that described in Scheme 12.
Three years later, in 2016, Zou and co-workers reported another interesting synthetic route for the denitrogenative cross-coupling of aromatic amines 58 with a diverse range of arylhydrazines 59 using CoPc and Cu(OAc) 2 as catalysts in MeCN as solvent at 0 C for 13 h, affording reasonable yields of the corresponding diarylamines 60 (Scheme 27). 46 A variety of sensitive functional groups including nitro, cyano, amino, acetyl, uoro, chloro, bromo, methoxy were well tolerated. Thus this procedure offers scope for further manipulation of products. Furthermore, CoPc/Cu(OAc) 2 demonstrated very high catalytic activity toward the C-N cross-coupling of various primary heteroaromatic, bicyclic aromatic, benzylic and aliphatic amines with arylhydrazines. However, amides and secondary amines failed to participate in this reaction. The author proposed mechanism for this N-arylation, which is outlined in Scheme 28.
C-P bond formation
Gao and Yin along with their co-workers have recently reported the synthesis of arylphosphorus compounds 63, via the palladium-catalyzed oxygen-based oxidative cross-coupling of various P(O)H compounds 61 with arylhydrazines 62 at 90 C within 24 h (Scheme 29). 47 Of the palladium catalysts screened [e.g., Pd(OAc) 2 , Pd(PPh 3 ) 4 , Pd 2 (dba) 3 , PdCl 2 ], Pd(OAc) 2 proved to be optimal. Furthermore, the reaction is sensitive to the ligand used, the best result was obtained when dppp ligand was used. Among the various solvents like PhCl, DMF, DMSO, NMP, 1,4-dioxane; DMF was the most efficient for the transformation. In their optimization study, the authors also found that the addition of 1.5 equiv. of triuoroacetic acid (TFA) as an additive to the reaction mixture signicantly improved the yield. Under optimized conditions, the reaction tolerated various electronrich and electron-poor arylhydrazines and a range of Hphosphinates and H-phosphonates and gave the expected products in moderate to very good yields. However, under similar reaction conditions easily oxidizable secondary phosphine oxides R 2 P(O)H did not afford the desired coupling products since they were oxidized to R 2 P(O)OH by the present catalytic system. In addition, alkylhydrazines were not suitable for this reaction, and no coupling products were observed under similar conditions.
C-Se bond formation
In 2017, Taniguchi and co-workers reported the rst example of base-promoted direct oxidative cross-coupling of diaryl diselenides with arylhydrazines under transition-metal-free conditions, which allows for preparation of numerous unsymmetrical diaryl selenides. 48 They showed that the coupling of symmetrical diaryl diselenides 64 with both electron-rich and electron-poor arylhydrazines 65 in the presence of 3 equiv. of commercially available LiOH$H 2 O in MeOH under air gave corresponding diaryl selenides 66 in modestly to good yields (Scheme 30). In addition, satisfactory yields were achieved in gram-scale reactions. However, dialkyl disuldes did not work well under this reaction conditions. In the optimization study, the authors found that other base also promoted the reaction (e.g., K 2 CO 3 , Li 2 CO 3 , Na 2 CO 3 , NaOH, Et 3 N); however, the use of 
C-S bond formation
In 2017, Taniguchi and co-workers have developed an efficient and straightforward approach for the synthesis of unsymmetrical thioethers 69 via Cs 2 CO 3 -mediated aerobic oxidative crosscoupling of disuldes 67 and arylhydrazines 68 (Scheme 32).
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The reaction was performed in DMSO at room temperature, tolerated various functional groups (e.g., F, Cl, Br, NO 2 , CN, OH), and generally provided corresponding thioethers in moderate to high yields. Various aliphatic, aromatic, and heteroaromatic disuldes were used to establish the general applicability of the method. In addition, a gram-scale reaction was also successfully performed.
Very recently, the group of Zhao realized an unprecedented palladium-catalyzed oxidative cross-coupling of aromatic thiols 70 with arylhydrazines 71 under nitrogen atmosphere at 100 C, to form the corresponding thioethers 72 (Scheme 33). 50 This denitrogenative cross-coupling reaction afforded the optimum yield in the presence of Pd(OAc) 2 /PCy 3 /Na 2 CO 3 combination as a catalytic system in toluene. In Scheme 34, a reasonable mechanistic pathway for this palladium-catalyzed oxidative cross-coupling reaction is suggested. It consists of the following 
Conclusion
Cross-coupling reactions comprise one of the most efficient and versatile methods for the construction of carbon-carbon and carbon-heteroatom bonds by combining two molecular fragments. Over the past decades, various carbon and heteroatomcentered nucleophilic partners (e.g., boronic acids, organosilanes, organotins, organozincs, alkynes, alkenes, aromatic compounds, alcohols, thiols, amines and amides) have been developed in this chemistry, however, electrophilic counterparts have been substantially limited to organic (pseudo) halides. Thus, the development of new electrophilic counterparts for these reactions is highly desirable. Arylhydrazines as novel, commercially available, non-toxic, environmentally friendly, and highly reactive arylating agents have drawn great attention in the past several years. As illustrated, these compounds have been successfully utilized as arylation agents in various C-C and C-X cross-coupling reactions such as Suzuki coupling, Sonogashira coupling, Hiyama coupling, Heck coupling, direct arylation, and Ullman type coupling reactions.
Interesting is the fact that most of the reactions covered in this review have been carried out under transition-metal-free and very mild conditions. Furthermore, they could be scaled up to provide multigram quantities of coupling products. This results clearly show the potential application of these reactions in industry. However, the number of reported examples in some reactions (e.g., Sonogashira and Hiyama couplings) are narrow and there is still further need to study the scope and limitations of these reactions. In addition, some important coupling reactions which were found well-developed for (pseudo) halides are still silent for the aryl hydrazines such as Negishi, Stille, and Kumada couplings. We conclude this review by hoping that it will stimulate researchers to further exploration and research in this arena of cross-coupling reactions. Arylhydrazines have evolved into environmentally friendly arylation agents for palladium-catalyzed oxidative crosscoupling reactions because the only byproducts are water and nitrogen.
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